Introduction
============

Malignant tumor metastasis consists of a series of biological occurrences, of which an important one is the presence of circulating tumor cells (CTCs) that are released from the primary tumor into the bloodstream ([@B01]). The presence of CTCs in the blood represents a poor clinical outcome in a variety of carcinomas, including ovarian cancer ([@B02]), due to the seeding of distant organs and subsequent overgrowth in the new microenvironment ([@B03]).

Numerous studies have recently found that tumor cells intravasate, rapidly transit through the circulation, and arrest in the vasculature of a secondary organ during operation, generally taking a few minutes ([@B04] [@B05]--[@B06]). In addition, platelets form aggregates around CTCs or arrest tumor cells during this period. It was recently reported that 7--48 h after tail-vein injection of tumor cells, monocytes/macrophages are also recruited to their vicinity. Extravasation typically takes place within the first 24--72 h after initial arrest. By that time, most tumor cells have exited the bloodstream and seeded into the stroma of the secondary site ([@B07]). The invasion of tumor cells in the circulation may occur very early in tumor development. However, current therapy is not altered based on CTC status. A lack of understanding of the biology of CTCs has served as a barrier to developing rational therapy tailored to these high-risk patients.

Propofol, the intravenously administered hypnotic agent, is widely used in all kinds of surgeries due to its short effect and rapid recovery. Patients receiving total intravenous anesthesia (TIVA) with propofol have been shown to experience less postoperative pain. Accumulating clinical evidence indicates that propofol TIVA for cancer surgery reduces the risk of recurrence or metastasis during the initial years of follow-up ([@B08] [@B09] [@B10]--[@B11]), indicating that propofol has the effect to kill cancer cells released into the circulation in the perioperative period.

Propofol functions involve various mechanisms. Some *in vitro* evidence suggested that exposure to propofol induced significant cell death in the hESC-derived neurons by regulation of microRNAs expression ([@B12]). Recently, it was found that inactivation of the NF-κB signaling by propofol abrogated gemcitabine-induced activation of NF-κB, resulting in the chemosensitization of pancreatic cancer cells to gemcitabine ([@B13]). In aggressive ovarian cancers, NF-κB and NF-κB target gene MMP-9 are activated ([@B14],[@B15]). In addition, activation of NF-κB signaling could increase aggressiveness of ovarian cancer cells, and vice versa ([@B16]).

MicroRNAs (miRs) are small non-coding RNAs, regulating gene expression post-transcriptionally. They mediate fundamental cellular processes such as proliferation, differentiation and apoptosis and are actively involved in carcinogenesis ([@B17]). miR-9 was recently implicated in cancers. It has been reported to be little expressed in ovarian cancer ([@B18],[@B19]). Overexpression of miR-9 could induce anti-proliferative, anti-invasive, and pro-apoptotic activity ([@B20]). miR-9 directly targeted NF-κB mRNA and suppressed expression of both p65 and p50 subunits of NF-κB in ES-2 cells ([@B19]). Down-regulation of miR-9 in ovarian cancer cells was shown to contribute to NF-κB activation ([@B19]).

In the present study, we assessed the effect of propofol on apoptosis, growth and invasion of ovarian cancer cells *in vitro*, and explored its molecular mechanisms.

Material and Methods
====================

Cell line and culture
---------------------

Human ovarian cancer ES-2 cell line was purchased from the Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). It was grown in RPMI-1640 (Gibco, China) supplemented with 10% FBS, 100 IU/mL of penicillin and 100 μg/mL of streptomycin, and incubated at 37°C in 95% humidity chamber supplemented with 5% CO~2~.

anti-miR-9 transfection
-----------------------

Both miR-9 inhibitor (anti-miR-9) and the scrambled miR-9 inhibitor (negative control) were purchased from Applied Biosystems (China) and used according to the manufacturer's instruction. ES-2 cells (3×10^5^) were transiently transfected with anti-miR-9 (100 nM) or negative control (100 nM) with siPORT™ NeoFX™ Transfection Agent (Applied Biosystems; 10 µL in 200 µL of OPTI-MEM¯ I medium without serum) for 48 h. Cells were then harvested and analyzed.

Plasmid transfection
--------------------

Full-length human RelA cDNA was amplified by PCR from pCMV4-RelA plasmid (Addgene, China) using forward primer 5′-GGTCGGTACCATGGACGAACTGTTCCCCCT-3′ and reverse primer 5′-CCATCTCGAGTTAGGAGCTGATCTGACTCA-3′, inserted into pcDNA3.1 vector (Invitrogen, China) tagged with FLAG. P65 siRNA, MMP-9 siRNA and its control siRNA was purchased from Santa Cruz Biotechnology (China). Transient transfection of ES-2 cells with pcDNA3.1/p65 cDNA or control pcDNA3.1, P65 siRNA, MMP-9 siRNA and its control siRNA was carried out using the LipofectAmine reagent (Life Technologies, China) according to the manufacturer\'s instructions.

Drug treatment
--------------

The dose of propofol used clinically varies widely but typically ranges from 1--10 μg/mL (blood concentration) with higher doses used for induction of anesthesia and lower doses used for maintenance. Thus, ES-2 cells were treated with 0, 5, and 10 μg/mL of research grade propofol (0--112 μM, Sigma-Aldrich, USA) or equal volume of dimethyl sulfoxide (DMSO, Sigma-Aldrich) as the vehicle control in 96-well plates. A stock solution (40 mg/mL) of propofol was prepared in DMSO and serial dilutions to the desired doses were prepared from the stock. Before treatment, ES-2 cells were cultured at the density of 3×10^5^ cells/dish on a 60- mm culture dishes and used 24 h later when they were 80% confluent. Cells were exposed to propofol (5 and 10 μg/mL) for 6 h. After washing, cells were then cultured in DMEM supplemented with 10% FBS and antibiotics for another 24 h. To determine the signaling pathways involved in the production of miR-9, NF-κB activity, p65 nucleus translocation and MMP-9 expression, ES-2 cells were transfected with anti-miR-9 or/and p65 cDNA, p65 siRNA, MMP-9 siRNA 24 h before propofol exposure, as described above. The cells were lysed for miR-9 analysis and western blot, EMSA, ELISA, apoptosis and invasion assay.

Real-time PCR (qPCR)
--------------------

At every experimental end point, cells were collected and washed twice with ice-cold PBS and lysed with QIAzol reagent (China) to isolate total RNA. miR-9 levels were quantified in total RNA by real-time PCR using the TaqMan miRNA qPCR Kit and primer/probe sets (Life Technologies), following the manufacturer's instructions. Results were normalized to U6, using the relative quantitation (RQ) method.

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Nuclear extracts were prepared according to a previous report ([@B21]). The extracts were incubated with ATP (γ-^32^P)-labeled NF-κB consensus oligonucleotides (Promega, China) in a gel-shift binding buffer for 40 min at room temperature and separated in 8% native polyacrylamide gels followed by autoradiography ([@B22]).

Western blotting
----------------

Total protein was extracted from cultured cells in different groups as the previous report. Twenty-five micrograms of protein extracts were separated using 10% SDS-PAGE and electroblotted on a PVDF-membrane. The membranes were incubated overnight with antibodies of p65 (1:200), MMP-9 (1:200) and β-actin (1:1000) at 4°C. Then, the membranes were incubated with anti-rabbit IgG (1:5000), and exposed to X-ray film using an enhanced chemiluminescence system (ThermoFisher Scientific, China). The intensity of the bands was measured using Lab-works.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

After treatment, cell culture media (supernatant) aliquots were collected for analysis. The concentrations of MMP-9 in ES-2 cell culture supernatants were determined by specific MMP-9 ELISA kits (Thermo Scientific, China). All procedures were carried out according to the manufacturer's protocols.

Flow cytometer for apoptosis assay
----------------------------------

Using Annexin V-FITC apoptosis detection kit (Becton-Dickinson Biosciences, China), Annexin V-staining followed by a FACScan flow cytometer was used to detect cell apoptosis according to the manufacturer's instructions. The CellQuest software was used to analyze the data (Becton-Dickinson).

Cell viability assay
--------------------

The viability of ES-2 cells in different groups was quantitatively assessed by MTT assay. The cells were incubated in 500 mg/mL MTT solution for 4 h. After solubilization of formazan crystals in DMSO, the absorbance of each well was determined by a spectrophotometric reader at 570 nm (Senago, China).

Invasion assay
--------------

After transfection as described above, ES-2 cells were detached and washed twice in PBS. Cells (5×10^5^) were seeded in the upper chamber of a Transwell insert (12 μM pores) coated with Matrigel (0.7 mg/mL; Collaborative Research Inc., USA). The lower chamber was filled with 400 µL of RPMI medium. After a 24 h incubation period, the non-migrated cells in the upper chamber were gently scraped away and adherent cells present on the lower surface of the insert were stained with Hema-3 and photographed.

Wound-healing assay
-------------------

ES-2 cells were treated as described above. The cells were then grown to confluence and scratched with sterile 200 µL pipette tips. Plates were washed twice with PBS to remove detached cells and incubated in the complete growth medium without FBS. Cells migrated into the wounded area, and photographs were taken immediately (0 h) and at 24 h.

Statistical assay
-----------------

Statistical significance was assessed using the two-tailed *t*-test. P\<0.05 was considered to be significant.

Results
=======

Propofol induced apoptosis and inhibited viability of ES-2 cells
----------------------------------------------------------------

ES-2 cells were treated with 1, 5 and 10 μg/mL propofol for 24 h. As shown in [Figure 1A](#f01){ref-type="fig"}, after 24 h treatment, cell viability was remarkably inhibited in a dose-dependent manner. Regulation of apoptosis in ES-2 cells was analyzed using Annexin V-staining followed by a FACScan flow cytometer assay. The results showed a significant induction of apoptosis/cell death by propofol treatment. The cell apoptotic rate was 13.8±3.6, 28.4±5.1, and 49.2±4.8 after treatment of ES-2 cells with 1, 5, and 10 μg/mL propofol, respectively, for 24 h. As shown in [Figure 1B](#f01){ref-type="fig"}, propofol induced apoptosis of ES-2 cells in a dose-dependent manner.

![Results of ES-2 cells treated with 1, 5, and 10 μg/mL propofol for 24 h. *A*, Cell viability by MTT assay. *B*, Cell apoptosis using Annexin V-staining followed by a FACScan flow cytometer assay. *C*, Migration by wound healing migration assay. *D*, Transwell invasion assay *vs* untreated cells (0 μg/mL). \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 (*t*-test).](1414-431X-bjmbr-1414-431X20165717-gf01){#f01}

Propofol inhibited migration and invasion of ES-2 cells
-------------------------------------------------------

We first tested the effect of propofol on cell migration in ES-2 cells using a wound-healing assay ([Figure 1C](#f01){ref-type="fig"}). Compared to untreated cells, cells treated with 1, 5, and 10 μg/mL propofol for 24 h exhibited a significantly decreased migration rate. Treatment with 10 μg/mL propofol showed the lowest migration rate among the groups.

We then examined the effect of propofol on invasion of ES-2 cells using BD Biocoat growth factor-reduced Matrigel invasion chamber assay. ES-2 cells treated with 1, 5, and 10 μg/mL propofol for 24 h showed a dose-dependent reduction in invasion ability; the number of cells that penetrated the laminin layer and passed through the bottom membrane was 71.4±7.3, 42.6±3.8, and 21.4±4.3% of the untreated controls ([Figure 1D](#f01){ref-type="fig"}). These experiments indicate that propofol inhibited cell migration and invasion activity *in vitro*.

Propofol activated miR-9 expression of ES-2 cells
-------------------------------------------------

As shown in [Figure 2A](#f02){ref-type="fig"}, less miR-9 expression was shown in the ES-2 cells. When treated with 1, 5, and 10 μg/mL propofol for 24 h, miR-9 expression was significantly increased in a dose-dependent manner by QRT-PCR assay.

![Propofol regulated miR-9-dependent NF-κB and MMP-9 expression. ES-2 cells were treated with propofol (1, 5, and 10 μg/mL) for 24 h, or for 6 h, then treated with anti-miR-9 for 24 h. *A*, miR-9 expression was detected by qRT-PCR assay. *B*, NF-κB activity was detected by EMSA. *C*, p65 and MMP-9 protein expression was detected by western blot assay. *D*, MMP-9 activity was detected by ELISA. The *t*-test was used for statistical analysis.](1414-431X-bjmbr-1414-431X20165717-gf02){#f02}

Propofol inhibited NF-κB activation, p65 translocation and MMP-9 expression of ES-2 cells
-----------------------------------------------------------------------------------------

As shown in [Figure 2B](#f02){ref-type="fig"}, treatment of ES-2 cells with 1, 5, and 10 μg/mL propofol for 24 h decreased NF-κB activity in a dose-dependent manner by EMSA assay. In addition, p65 and MMP-9 protein was also significantly decreased in a dose-dependent manner by western blot assay ([Figure 2C](#f02){ref-type="fig"}). Supernatant MMP-9 activity was also decreased in a dose-dependent manner by ELISA assay ([Figure 2D](#f02){ref-type="fig"}).

Propofol inhibited NF-κB and MMP-9 expression through activating miR-9
----------------------------------------------------------------------

We found that after anti-miR-9 transfection, followed by propofol treatment, NF-κB activity ([Figure 2B](#f02){ref-type="fig"}), p65 and MMP-9 protein expression ([Figure 2C](#f02){ref-type="fig"}), and MMP-9 activity ([Figure 2D](#f02){ref-type="fig"}) were significantly increased. In the pre-experiment, we had found that scrambled miR-9 inhibitor (negative control) did not affect p65, MMP-9 and NF-κB levels, so we did not show the effect of scrambled miR-9 inhibitor in the present study.

Propofol inhibited NF-κB-dependent MMP-9 expression
---------------------------------------------------

Anti-miR-9/ES-2 cells were transfected with p65 siRNA for 24 h and then treated with propofol (1, 5, and 10 μg/mL) for 24 h. The results showed that targeting p65 by p65 siRNA, transfection inhibited NF-κB activity and p65 expression, and rescued the propofol-induced down-regulation of MMP-9 protein expression and MMP-9 activity.

In addition, overexpression of p65 by p65 cDNA transfection increased propofol-induced NF-κB activity and reversed the propofol-induced down-regulation of MMP-9 protein expression and MMP-9 activity. However, the control siRNA or control pcDNA3.1 transfection did not have any effect on NF-κB activity, p65 and MMP-9 expression as well as MMP-9 activity ([Figure 3](#f03){ref-type="fig"}).

![Effect of propofol on NF-κB -dependent MMP-9 expression. Anti-miR-9/ES-2 cells were transfected with p65 siRNA or P65 cDNA and its control for 24 h, then treated with propofol (1, 5, and 10 μg/mL) for 6 h. *A*, NF-κB activity was detected by EMSA in siRNA or cDNA transfected cells; *B*, p65 and MMP-9 protein expression was detected by western blot assay in siRNA or cDNA transfected cells; *C*, MMP-9 activity was detected by ELISA. The t-test was used for statistical analysis.](1414-431X-bjmbr-1414-431X20165717-gf03){#f03}

Apoptosis-enhancing effect of propofol was mediated by miR-9/NF-κB signal
-------------------------------------------------------------------------

Our results showed that anti-miR-9 transfection inhibited propofol-induced apoptosis and increased viability of ES-2 cells. Targeting p65 by p65 siRNA transfection rescued propofol-induced apoptosis and increased viability of ES-2 cells. However, overexpression of p65 by p65 cDNA transfection reversed propofol-induced apoptosis and increased viability of ES-2 cells ([Figure 4A and B](#f04){ref-type="fig"}).

![Effect of miR-9/NF-κB /MMP-9 signal on propofol-induced apoptosis and invasion. ES-2 cells were transfected with anti-miR-9 or p65 siRNA or p65 cDNA for 24 h, and then treated with 1, 5, and 10 μg/mL propofol for 6 h. *A*, Cell apoptosis was detected using Annexin V-staining followed by a FACScan flow cytometer assay. *B*, Cell viability was detected by MTT assay. *C*, Wound healing migration assay; *D*, Transwell invasion assay. ^\*^P\<0.05. The *t*-test was used for statistical analysis.](1414-431X-bjmbr-1414-431X20165717-gf04){#f04}

Invasion suppression of propofol was mediated by miR-9/NF-κB/MMP-9 signal
-------------------------------------------------------------------------

As shown in [Figure 4C and D](#f04){ref-type="fig"}, targeting miR-9 by anti-miR-9 transfection reversed propofol-induced inhibition of migration and invasion in the ES-2 cells. However, targeting p65 or MMP-9 by p65 siRNA or MMP-9 siRNA transfection rescued propofol-induced inhibition of migration and invasion in the ES-2 cells. Overexpression of p65 by p65 cDNA transfection reversed propofol-induced inhibition of migration and invasion in the ES-2 cells.

Discussion
==========

In the present study, we assessed the roles of propofol on human ovarian cancer ES-2 cells and explored its mechanisms. We found that: 1) exposure to propofol inhibited viability and induced significant cell apoptosis in the ES-2 cells; 2) exposure to propofol inhibited migration and invasion in the ES-2 cells; 3) targeting miR-9 or overexpression of p65 by p65 cDNA transfection significantly attenuated propofol-induced cell apoptosis and increased invasion and viability of ES-2 cells. While targeting p65 or MMP-9 by siRNA, transfection rescued propofol-induced inhibition of migration and invasion of ES-2 cells; 4) propofol activated miR-9 and inhibited miR-9-dependent NF-κB activation and MMP-9 expression.

MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression at the post-transcriptional level by either degradation or translational repression of a target mRNA ([@B17]). The role of miR-9 in cancer biology is not well understood. Endogenous miR-9 levels are lower in breast cancer ([@B23]), gastric carcinoma ([@B21]), clear cell renal cell carcinoma ([@B24]) and ovarian cancer ([@B18],[@B19]). Low levels of miR-9 is correlated with tumor growth, metastasis and hence poor prognosis of ovarian cancer ([@B18],[@B19]). On the other hand, patients with higher levels of miR-9 had better chemotherapy response and longer progression-free survival ([@B25]). It also impeded DNA damage repair in ovarian cancer ([@B25]), suggesting that activation of miR-9 would be an effective method for the treatment of ovarian cancer.

Propofol is an intravenous sedative-hypnotic agent administered to induce and maintain anesthesia. It has been reported to have anticancer properties including direct and indirect suppression of the viability and proliferation of cancer cells by promoting apoptosis in some cancer cell lines ([@B26] [@B27]--[@B28]). In the present study, we found that exposure of ES-2 cells to 1, 5 and 10 μM propofol for 24 h was sufficient to induce cell death. In addition, the migration and invasive ability of ES-2 cells was inhibited by propofol stimulation in a dose-dependent manner.

The mechanisms by which propofol induces apoptosis and inhibits invasion of cancer cells are not well understood. In our study, we found that miR-9 is less expressed in human ES-2 cells, and its expression is significantly increased by propofol stimulation in a dose-dependent manner. We further demonstrated that targeting miR-9 inhibited propofol-induced cell death and invasion of ES-2 cells, suggesting that miR-9 plays crucial roles in propofol-induced anti-tumor effect. Although miR-9 was related to propofol-induced anti-tumor effect, its gene signal pathway in propofol-induced toxicity has yet to be examined.

miR-9 is a well-established, negative regulator of NF-κB ([@B29] [@B30]--[@B31]). It has been shown that overexpression of miR-9 inhibited NF-κB activity, and downregulation of miR-9 increased NF-κB activity ([@B30]). NF-κB p65 (p65) has been described as an important therapeutic target in cancer, and it is also a target of propofol ([@B32]). In the present study, we found that propofol induced miR-9 expression and inhibited NF-κB activity and p65 expression. To further investigate whether the enhanced cell growth inhibition and apoptosis as well as decreased invasion by propofol was mediated through the miR-9/NF-κB pathway, we conducted p65 cDNA, p65 siRNA and anti-miR-9 transfection studies. We found that p65 cDNA transfection in the propofol treated ES-2 cells increased the NF-κB activity, and inhibited propofol-induced anti-tumor effect. We also found that targeting miR-9 by anti-miR-9 transfection rescued NF-κB activity and p65 expression and inhibited propofol-induced cell death and invasion of ES-2 cells. However, p65 siRNA transfection reversed the effect of anti-miR-9 in the ES-2 cells. Therefore, our results clearly show that propofol inhibits cell invasion and cell viability, as well as induces apoptosis through miR-9/NF-κB pathway.

MMP-9 has been found to be directly associated with metastatic processes. NF-κB has been reported to regulate MMP-9 expression in ovarian cancer cells ([@B14],[@B15]). Indeed, in the present study, we found that propofol inhibited NF-κB activity and concomitantly inhibited the expression of MMP-9. Anti-miR-9 or p65 cDNA transfection rescued MMP-9 expression and activity. In addition, targeting p65 inhibited MMP-9 expression and activity. We, therefore, concluded that propofol inhibited SE-2 cell migration and invasion by activation miR-9 and inactivation of NF-κB -dependent-MMP-9.

In our study, we found that propofol upregulated miR-9 expression in ovarian cancer ES-2 cells, by which it inhibited NF-κB activation and its downstream MMP-9 expression, leading to the inhibition of cell growth and invasion of ES-2 cells.
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